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Background:  The transcription of interferon (IFN) and IFN-inducible genes is
mainly regulated by the interferon regulatory factor (IRF) family of proteins,
which recognize a unique AAGTGA hexamer repeat motif in the regulatory
region of IFN genes. A DNA-binding domain of approximately 100 amino acids
has been commonly found in the IRF family of proteins, but it has no sequence
homology to known DNA-binding motifs. Elucidation of the structures of
members of the IRF family is therefore useful to the understanding of the
regulation and evolution of the immune system at the structural level.
Results:  The solution structure of the DNA-binding domain of interferon
regulatory factor-2 (IRF-2) has been determined by NMR spectroscopy. It is
composed of a four-stranded antiparallel b sheet and three a helices, and its
global fold is similar to those of the winged helix–turn–helix (wHTH) family of
proteins. A long loop (Pro37–Asp51) is found immediately before the HTH
motif, which is not found in other wHTH proteins. The NMR signals of residues
in this long loop, as well as the second helix of the HTH motif, are strongly
affected upon the addition of the hexamer repeat DNA, suggesting that these
structural elements participate in DNA recognition and binding.
Conclusions:  The structural similarity of the DNA-binding domain of IRF-2 with
those of proteins in the wHTH family shows that the IRF proteins belong to the
wHTH family, even though there is no apparent sequence homology among
proteins of the two families. The sequential structure alignment program (SSAP)
shows that IRF-2 has a slightly different structure from typical wHTH proteins,
mainly in the orientation of helix 2. The IRF family of proteins should therefore be
categorized into a subfamily of the wHTH family. The evidence here implies that
the evolutional pathway of the IRF family is distinct from that of the other wHTH
proteins, in other words, the immune system diverged from an evolutional stem
at an early stage.
Introduction
Interferons (IFNs) are cytokines that modulate immune
responses, hematopoiesis, cell proliferation and cell differ-
entiation [1]. The expression of IFNs is regulated at the
level of transcription. Two DNA-binding factors, named
interferon regulatory factor-1 and -2 (IRF-1 and IRF-2),
have been identified as transcription factors for the IFN-b
gene [2,3]. As judged from the results of the binding-site
selection experiments, IRF-1 and IRF-2 bind specifically
to AAGTGA hexamer repeat motifs located in the tran-
scription regulatory region of the IFN-b gene [4]. IRF-1
recognizes this site and exhibits cooperative binding with
other DNA-binding proteins, such as nuclear factor k B
(NF-k B), activation transcription factor-2 (ATF-2)/c-Jun
and a high mobility group protein, HMG-I(Y). They
form a protein complex named the enhanceosome, which
results in the triggering of the transcription of the IFN-b
gene [5]. In contrast, IRF-2 binds competitively to the
same site as IRF-1 and represses the transcription of the
IFN-b gene through its C-terminal repression domain [6].
The IRF recognition DNA sequence is also found in the
regulatory regions of IFN-a and IFN-inducible genes
[3,4]. IRF-1 and IRF-2 are highly homologous, with more
than 76% identity between the amino acid sequences of
their N-terminal 113 residues. This region has been iden-
tified as the DNA-binding domain [3,7]. Because of the
high sequence homology between their DNA-binding
domains, they are expected to have almost the same
three-dimensional structure.
The N-terminal regions of IFN- a stimulated gene factor
3-g (ISGF3-g ) [8], interferon consensus sequence binding
protein (ICSBP) [9] and PU.1 interaction partner (Pip)
[10] are examples of protein domains that are highly
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homologous in sequence to the DNA-binding domains of
IRFs. All of these proteins have a regulatory function in
the immune system. These regions are expected to form
DNA-binding domains with the same three-dimensional
structure. In the past decade, the structures of many DNA-
binding proteins have been determined, establishing fami-
lies of DNA-binding motifs, for example, helix–turn–helix
(HTH), basic leucine zipper and Zn-finger motifs. The
DNA-binding domains of the IRF family of proteins,
however, show no apparent amino acid sequence homol-
ogy to these known DNA-binding motifs.
We have previously reported the secondary structure of
the DNA-binding domain of IRF-2, obtained by nuclear
magnetic resonance (NMR) spectroscopy [11]. The DNA-
binding domain of IRF-2 comprises a four-stranded b sheet
and three a helices. The sequence of the secondary struc-
ture elements of the IRF-2 DNA-binding domain is a -b -
b -loop-a -a -b -loop-b . In spite of the lack of apparent
amino acid sequence homology, it is quite similar to that
of the winged helix–turn–helix (wHTH) family, which
includes proteins such as catabolite gene activator protein
(CAP) [12], heat shock factor (HSF) [13] and ETS-1 [14].
IRF-2, however, has a long loop region, additional to the
motifs of wHTH proteins. The role of this unique long
loop in DNA-binding is interesting. We report here the
three-dimensional solution structure of the IRF-2 DNA-
binding domain. The structure of the DNA-binding
domain comprises a cluster of three a helices sitting on
the side of a four-stranded b sheet. A comparison of the
tertiary structure of IRF-2 with those of wHTH proteins,
using the sequential structure alignment program (SSAP)
[15], showed that the DNA-binding domain of IRF-2 is a
novel variant of those of wHTH proteins. On the basis of
this structure, the function of the unique long loop and
the mode of binding to the hexamer repeat sequence in
the regulatory region of the IFN-b gene is proposed.
Results
NMR analysis and structure calculation of IRF-2(113)
The domain corresponding to the N-terminal 113 amino
acids of the intact IRF-2 protein (abbreviated to IRF-
2(113)) was expressed in Escherichia coli. Although the first
methionine was cleaved off by an endogenous protease in
E. coli, the amino acid residues are numbered from the
cleaved methionine for consistency with the residue
numbers of the native sequence. The details of the multi-
dimensional double- and triple-resonance techniques used
for the resonance assignments are given in the Materials and
methods. Through the resonance assignments, we found
duplications of chemical shifts at specific positions brought
about by Pro113 cis–trans isomerization. Each amide proton
resonance of Asp90, Ile91 and Leu112 apparently showed
two separate peaks. The isomerization seems to be an arti-
fact due to truncation just after C-terminal Pro113. The
major peaks corresponded to the trans conformer of this
proline residue and the minor peaks, which showed half
signal intensities, to the cis conformer. The 1H–15N HSQC
spectrum of IRF-2(145), which has an additional 32 amino
acid residues at the end of the DNA-binding domain, did
not show such heterogeneity. The HSQC crosspeaks of
IRF-2(145), which corresponded to Asp90, Ile91 and
Leu112, were at almost the same positions as those of the
trans conformer in the spectrum of IRF-2(113). As the NOE
patterns of these residues were identical for these two con-
formers, except the Leu112–Pro113 sequential NOEs, we
only calculated the structure of the trans conformer.
The constraints of the NOEs were mainly obtained from
15N-edited NOESY and 13C-edited NOESY spectra. Since
IRF-2(113) has many aromatic residues and the cross-
peaks derived from aromatic rings were extremely degen-
erated. The long range NOEs from these aromatic ring
protons are valuable for structure determination, there-
fore, we obtained these NOEs from the 2D-NOESY spec-
trum of a Trp- or Phe-deuterated sample. The value of
3JHNHa was obtained from the HMQC-J spectrum [16].
The slowly exchanging amide protons in regular secondary
structures, such as the a helices and b strands, were con-
sidered to form hydrogen bonds. The solution structure of
IRF-2(113) was calculated using the simulated-annealing
method with a total of 1401 NOEs, 52 hydrogen bond
restraints (26 hydrogen bonds) and 42 dihedral angle
restraints. Three hydrogen bonds in the turns, Ile21CO–
Leu24HN, Lys29CO–Lys32HN and Leu88CO–Ile91HN,
were added at the final stage of the calculation.
The 20 best structures of IRF-2(113) calculated from
NMR data are shown in Figure 1a; the average structure is
shown in Figure 1b. None of the calculated structures
showed violations of greater than 0.5 Å for the distance
constraints or 5° for the dihedral restraints. Root mean
square deviations (rmsd) of the backbone nuclei of each
residue indicated that there are two poorly converged
loops at Trp38–Pro53 and Ser98–Ala105 (Figure 2a). From
Figure 2b, it is clear that these regions only had a few long
range NOEs. They also exhibited small deviations of the
13Ca and 13Cb chemical shifts from the values for random
coils. Additionally, sharper line shapes of these resonances
support the fact that these loops are flexible. The results
of amide proton exchange experiments [11] also indicated
that both of them are highly accessible to the solvent,
which is consistent with the structure calculation.
The overall rmsd value for the backbone atoms from their
averaged structure was 0.69 Å, excluding the N and C
termini, and two flexible loop regions. The respective sec-
ondary structure elements were well defined; the rmsd
values for these elements are 0.54 Å for helix 1 comprising
residues 8–18, 0.40 Å for the b sheet comprising residues
25–28, 33–36, 91–94 and 107–111, 0.77 Å for helix 2 com-
prising residues 52–61, and 0.60 Å for helix 3 comprising
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residues 74–85. A summary of structural statistics for the
final set of the structures of IRF-2(113) is given in
Table 1. The Ramachandran plot of the averaged mini-
mized structure showed that of the non-glycine/proline
residues (97 of the 112 residues) 64 residues are in the
most favored regions (A, B and L), 27 residues are in the
additional allowed regions (a, b, l and p) and 5 residues are
in the generously allowed regions (~a, ~b, ~l and ~p). Only
Arg7 was placed in the disallowed regions, but this
seemed to be an artifact arising from the averaging of the
unstructured part. The atomic coordinates of the 20 final
structures and the minimized average structure have been
deposited in the Brookhaven Protein Data Bank (acces-
sion codes 1IRG and 1IRF, respectively).
Solution structure of IRF-2(113)
IRF-2(113) comprises three a helices and an antiparallel
b sheet. The result of the analysis with the program
PROCHECK_NMR [17] showed that a helices are formed
by residues Met8–Ser18 (helix 1), Ala52–His61 (helix 2)
and Pro74–Met85 (helix 3), and b strands Lys25–Asn28
(strand 1), Ile33–Ile36 (strand 2), Ile91–Val94 (strand 3) and
Arg107–Met111 (strand 4) form the antiparallel b sheet.
These secondary structure elements are almost consistent
with our previous report [11], except for the length of helix
2. Figure 1b shows the overall folding of IRF-2(113).
Helix 1 lies on the antiparallel b sheet and both elements
contribute residues to the hydrophobic core. The majority
of interactions with the b sheet involves helix 1. The
hydrophobic core comprises Ile16 and Leu12 from helix 1,
and Trp26, Phe34, Ile36 and Tyr109 from the b sheet. The
other two helices (helix 2 and helix 3) have few direct con-
tacts with the b sheet; alternatively, they mainly interact
with each other. The sidechains of Leu54 and Trp58 in
helix 2 seem to be key residues for the packing of the three
helices. The sidechains of Met8, Trp11 and Leu12 from
helix 1, and Phe81, Ala84 and Met85 from helix 3 are posi-
tioned near Leu54 and Trp58. The residues in the hydro-
phobic core are shown in Figure 3. Previously, we deter-
mined that helix 2 is composed of residues 52–65 [11]. The
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Figure 1
The solution structure of IRF-2(113).
(a) Superposition of the 20 NMR-derived
structures of IRF-2(113). A stereo view of the
backbone traces is shown. The secondary
structure elements, the a helices and b sheet,
are colored green and yellow, respectively.
The average structure is indicated by a white
line. (b) A ribbon representation of IRF-2(113).
The average structure is shown. The green
and yellow ribbons represents the a -helical
and b -sheet regions, respectively. 
backbone NOE patterns of residues His61–His65 immedi-
ately after helix 2 seem like that of an a helix; however, as
judged from the results of structure calculation which
included the sidechain NOEs, residues 61–65 take on a
looser turn of five residues rather than a regular a -helical
conformation. This looser turn is due to a glycine residue
(Gly62) in this region; thus, helix 2 is a little shorter than
previously reported. Helix 3 is an amphiphilic helix and its
positively charged hydrophilic residues are located on the
surface of IRF-2(113).
The antiparallel b sheet comprises four b strands. The
hydrophobic residues (Trp26, Phe34, Ile36, Tyr109 and
Met111) are localized on one side of the b sheet. These
residues anchor the b sheet to the hydrophobic core. On
strand 1, a classic bulge is formed by Leu27, Asn28 and
Ile33. The strong NOE between the amide protons of
Leu27 and Asn28, which should not be observed for a
regular b strand, supports the existence of this structure.
There is a long loop, which comprises 14 residues, from
the end of strand 2 to helix 2. It was poorly converged in
structure calculations, as is the seven-residue loop between
strands 3 and 4 (Figure 2a). These flexible loops are
located at the same side of the molecule.
One of the characteristic features of the amino acid
sequence of IRF-2(113) is the high content of proline
residues; it has ten proline residues. As mentioned above,
Pro113 undergoes cis–trans isomerization due to a trun-
cation artifact. All the other proline residues are in the
trans conformation. Two of them (Pro2 and Pro72) are
located in the non-structured regions. Pro37 and Pro113
are located at the ends of b strands. Pro10, Pro53 and
Pro74 are in the first turn of helix 1, helix 2 and helix 3,
respectively. Proline residues are known as the breakers of
secondary structures. These five proline residues effec-
tively define the start and end points of secondary struc-
ture elements. The other prolines (Pro22, Pro67 and
Pro89) are located in the second positions of four-residue
tight turns. The turn which contains Pro89 apparently
adopts a type-I turn structure. Although the other turns
are also characterized by NOE and putative hydrogen
bond patterns, we could not determine the turn types for
them in the present structure calculation.
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Table 1
Structural statistics for the best 20 structures.
Average – standard
deviation
Rmsd from experimental distance restraints (Å)
all (1453) 0.025 – 0.001
intra-residue (415) 0.022 – 0.001
inter-residue sequential (|i–j| = 1) (381) 0.025 – 0.003
inter-residue medium range (1 < |i–j| < 5) (242) 0.026 – 0.004
inter-residue long range (|i–j| ‡ 5) (363) 0.022 – 0.003
hydrogen bond (52)* 0.051 – 0.002
Rmsd from experimental dihedral angle
restraints (°) (42) 0.322 – 0.091
Rmsd from idealized covalent geometry
bonds (Å) (1912) 0.003 – 0.000
angles (°) (3473) 0.743 – 0.007
impropers (°) (1033) 0.444 – 0.014
Rmsd from averaged structure (Å)†
backbone atoms in the ordered part‡ 0.69 – 0.12
heavy atoms in the ordered part§ 1.21 – 0.11
a helix 1# 0.54 – 0.17
a helix 2¥ 0.77 – 0.25
a helix 3¶ 0.60 – 0.15
b sheet** 0.40 – 0.10
The number of distance and dihedral angle restraints, bonds, angles
and impropers are given in parentheses. *For each of the 26 hydrogen
bonds, there are two distance restraints. †Rmsd calculated from the
average structure by best-fitting of residues 7–37, 52–97 and
106–112. ‡For all N, Ca and C atoms in residues 7–37, 52–97 and
106–112. §For all non-hydrogen atoms in the residues 7–37, 52–97
and 106–112. #For residues 8–18. ¥For residues 52–61. ¶For
residues 74–85. **For residues 25–28, 33–36, 91–94 and 107–111.
Figure 2
Quality of the calculated structures. (a) Rmsd values at each residue
for the backbone atoms (N, Ca and C atoms). The rmsd values were
calculated from 20 structures. (b) Total number of inter-residue NOEs
at each residue. Filled, shaded and open bars represent sequential,
medium and long-range NOEs, respectively. The secondary structure
of IRF-2(113) is also shown below.
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Discussion
Implications of the tertiary structures of the IRF family of
proteins
IRF-1, IRF-2, ISGF3g , ICSBP and Pip belong to the IRF
family; all of them are transcription factors, involved in reg-
ulating the expression of proteins of the immune system.
The previously reported amino acid sequences of other
DNA-binding proteins show no apparent homology with
those of the IRF family. Elucidation of the solution struc-
tures of members of the IRF family is useful therefore for
understanding the regulation and evolution of the immune
system at the structural level. IRF-2 exhibits 76% homol-
ogy with IRF-1, and the protein exhibiting the lowest
homology among the IRF family is ISGF3g , for which the
greatest homology with any other family member is 38%.
The amino acid sequences of the IRF family of proteins are
shown in Figure 4. As mentioned above, the DNA-binding
domain of IRF-2 has a high content of proline residues, and
this is a remarkable feature of the IRF-2 protein. Four
(Pro22, Pro37, Pro74 and Pro113) of the ten prolines are
completely conserved in the IRF family. Similarly, two
glycine residues show high conservation (Gly23 and Gly68).
These two residues act as breakers of secondary structure,
so they are important for the maintenance of similar sec-
ondary structures among the proteins in the IRF family. In
addition, all aliphatic and aromatic residues forming the
hydrophobic core, see the Results section, are highly con-
served among the IRF family of proteins. The DNA-
binding domains of the IRF family of proteins, therefore,
should retain similar folding patterns.
The DNA-binding domain of IRF-2 is categorized into a
novel subfamily of wHTH proteins
The topology of the secondary structure elements and the
overall fold of the IRF-2 DNA-binding domain are very
similar to those of wHTH proteins. IRF-2, however, has
some unique structural features which no other wHTH pro-
teins have. One of these unique features is the existence of
a long loop between strand 2 and helix 2. It consists of 16
residues, and all the NMR data indicate that it is a flexible
loop. IRF-2 also has another flexible loop between strands 3
and 4. This second loop is widespread in the wHTH pro-
teins and these two flexible loops are very close in the ter-
tiary structure of IRF-2. wHTH proteins have three a
helices, the last two helices forming the HTH motif;
however, the region between these two helices is quite dif-
ferent from in typical HTH proteins. Typical HTH proteins
have a four-residue turn in this region, whereas wHTH pro-
teins often have more residues and do not form a tight turn
structure. IRF-2 has a nine residue turn connecting two a
helices, which is the longest among wHTH proteins.
For quantitative structural comparison of the IRF-2 DNA-
binding domain with those of other wHTH proteins, we
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Figure 3
Hydrophobic core residues in IRF-2(113). The sidechains of
hydrophobic residues that play important roles in construction of the
hydrophobic core are shown. The sidechains of hydrophobic residues
in the a helices and b sheet are colored green and yellow, respectively.
Figure 4
Sequence alignment of the DNA-binding
domains of the IRF family. Conserved basic
and hydrophobic residues are indicated by
blue and yellow boxes, respectively. Totally
conserved glycine and proline residues are
also highlighted in orange. The secondary
structure elements of IRF-2 are shown above
the sequence alignment.
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performed SSAP analysis (reviewed in [15]). Figure 5 shows
the residues at the corresponding positions in the three-
dimensional structures when the amino acid sequence of
IRF-2 is aligned with those of HSF [13] and ETS-1 [14] by
means of SSAP analysis. It clearly shows that the hydro-
phobic residues are in equivalent positions in the three-
dimensional structures. For instance, the positions corre-
sponding to Met8 and Leu12 in helix 1, Leu54 and Trp58
in helix 2, and Phe81, Met85 and Leu88 in helix 3 are
occupied by hydrophobic residues in HSF and ETS-1. In
the b sheet, almost all the hydrophobic residues facing the
hydrophobic core are conserved (Leu24, Trp26, Phe34,
Ile36, Ile91 and Tyr109). Thus, these hydrophobic residues,
which are important for formation of the hydrophobic core,
are at almost the same positions not only in the secondary
structure elements but also in the three-dimensional struc-
tures. Consequently, these proteins exhibit similar folding.
Table 2 shows the pairwise SSAP scores between the
DNA-binding domain of IRF-2 and those of other DNA-
binding proteins of the wHTH family: HSF, ETS-1,
histone H5 [18], BirA bifunctional protein [19], diphtheria
toxin repressor [20], LexA repressor [21], and catabolite
gene activator protein (CAP) [12]. The SSAP score gives a
quantitative indication of the structural similarity between
two proteins. Proteins for which SSAP scores are between
70–80 exhibit similar folding. If their scores are above 80,
they exhibit high structural similarity and may be closely
related evolutionally. In spite of the low amino acid
sequence similarity, CAP, LexA repressor, diphtheria toxin
repressor, BirA bifunctional protein and histone H5 had
high SSAP scores (i.e. above 80). On the other hand, when
we compared IRF-2 with any other wHTH protein, IRF-2
showed a lower SSAP score (approximately 70–80) than the
scores among these proteins. It suggests that IRF-2 do not
have high structural similarity to the other wHTH proteins.
For instance, the rmsd value of corresponding Ca atoms
between IRF-2 and HSF is 3.14 Å, even though IRF-2 has
the highest SSAP score (77.8) with HSF. One of the struc-
tural features of IRF-2 is the existence of long loops preced-
ing and succeeding helix 2. These loops are unique features
of IRF-2, no other protein in the wHTH family has such
long loops in this region. The insertion of the loop itself
does not affect the SSAP score. The relative arrangement of
helix 2 and b sheet, however, could be affected by the exis-
tence of these long loops, and thus the residues comprising
helix 2 show low SSAP scores. This is one of the reasons
why IRF-2 does not have a higher SSAP score than any
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Figure 5
Sequence alignment of the DNA-binding
domains of IRF-2, Kluyveromyces Lactis HSF
and murine ETS-1 by SSAP analysis. The
residues located at almost the same positions
in three-dimensional structures are aligned in
the same columns. The secondary structure
elements of the three proteins are also
indicated (depicted as in Figure 4). The
residue numbers of IRF-2 are shown above
the sequence alignment. The hydrophobic
residues at the conserved positions are
indicated by yellow boxes.
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Table 2
Pairwise SSAP scores between wHTH DNA-binding proteins.
HSF* ETS-1† Hst-H5‡ BirA§ DPR# LexA¥ CAP¶
IRF-2 77.8 (17.2) 72.7 (14.3) 76.7 (15.7) 74.4 (14.3) 71.7 (17.0) 76.2 (15.7) 74.6 (12.5)
HSF 78.8 (20.2) 75.4 (13.9) 74.2 (14.8) 75.1 (14.8) 74.2 (19.6) 77.4 (12.5)
ETS-1 74.9 (12.8) 74.7 (16.1) 78.1 (12.8) 77.2 (18.5) 75.4 (18.6)
Hst-H5 85.3 (11.7) 84.3 (11.7) 85.5 (15.0) 84.4 (13.3)
BirA 86.7 (25.7) 86.7 (21.2) 85.1 (18.4)
DPR 87.2 (25.0) 86.0 (18.9)
LexA 85.6 (20.2)
The amino acid sequence identities are given in parentheses. *Crystal
structure of heat shock factor (PDB code 2HTS). †Solution structure of
ETS-1 (1ETC). ‡Crystal structure of histone H5 (1HST). §Crystal
structure of BirA bifunctional protein (1BIA). #Crystal structure of
diphtheria toxin repressor (1DPR). ¥Solution structure of LexA repressor
(1LEA). ¶Crystal structure of CAP–cyclic AMP complex (3GAP)
other protein in the wHTH family. In addition, IRF-2 has a
b -bulge structure in strand 1. This causes the curvature of
the b sheet of IRF-2 to be different from that in other
wHTH proteins. It also reduces the SSAP score. This
analysis showed that those proteins in the wHTH family
including the IRFs have similar structures. As the SSAP
scores are not so high, it is hard to conclude that the IRF
DNA-binding domain is typical of the wHTH family com-
prising CAP, BirA bifunctional protein, LexA repressor,
diphtheria toxin repressor and histone H5. It is better to
categorize IRFs into a subfamily of wHTH proteins.
Implication for DNA binding 
IRF-1 and IRF-2 recognize the AAGTGA hexamer repeat
motif as a consensus sequence in the enhancer region of
the IFN- b gene [4]. This cis element, usually repeated
several times, is found in type-I IFN genes. The arrange-
ment of the recognition sequence is one of the remark-
able and unique features found in the IFN genes. Of the
hexamer repeats, IRFs exhibit the highest affinity to the
DNA sequence named the positive regulatory domain I
(PRD I) site (-77 GAAGTGAAAGT -67), which is found
in the IFN- b gene, and it is thought that one IRF mol-
ecule may bind to this site [3,5]. In the previous paper,
we also confirmed that two IRF-2(113) molecules could
bind to an oligomer DNA containing four hexamer
repeat sequences [7]. In this study, a gel retardation
assay showed that two shifted bands appeared with an
increase in the IRF-2(113) concentration at the micromo-
lar level. A guanine methylation interference experiment
showed that the methylation of two guanine residues in
the center of the PRD I site was strongly interfered with,
upon the binding of IRFs [3]. The fact that dimethylsul-
fate attacks a polynucleotide chain from the major groove
side of double stranded DNA, following which methyla-
tion at the guanine residues occurs, suggests that IRFs
interact with the guanine residue in the center of the
PRD I site from the major groove side. In many
DNA–protein complexes, hydrogen bonds between the
guanine bases and the arginine sidechains are observed.
This type of hydrogen bond formation is widely
accepted as one of the universal rules for DNA recogni-
tion. Thus, this rule will be applied to the DNA-binding
mode of IRF-2(113). 
Figure 6 shows the molecular surface of IRF-2(113). The
basic residues are localized on one side of the molecular
surface around helix 3. This suggests that the DNA-
binding face of IRF-2 is on this side of the molecule. As
mentioned above, IRF-2 belongs to the wHTH family.
The structure of other wHTH proteins in complex with
DNA show that helix 3 is located in the major groove and
directly interacts with the DNA bases, and that the posi-
tive charges around the recognition helix are located at
positions where they can easily come into contact with the
phosphate groups of the DNA backbone.
The results of a DNA-titration experiment also sup-
ported the idea that helix 3 sits in the major groove of
DNA in similar manner to other wHTH DNA-binding
proteins: when the consensus DNA-binding sequence of
IRF-2 (GAAAGTGAAAGT), which is close to the PRD I
site sequence, was added to the IRF-2 solution, signal
broadening was observed in the 15N-HSQC spectrum
[11]. Figure 7 shows the locations of the residues for
which amide signals were broadened and disappeared by
the DNA titration. The residues in and neighbouring
helix 3 were most strongly affected. The backbone amide
protons of the residues located on the outer surface of
the helix, such as Lys75, Lys78, Arg82 and Cys83, were
affected by the DNA titration. Arg82 and Cys83 were
particularly strongly affected among these residues. These
two residues are located in the center of helix 3, there-
fore, they can reach the nearest position to the DNA bases
and, as mentioned above, Arg82 is the most probable
residue that interacts with the guanine base in the center
of the consensus sequence.
There are some residues affected by DNA titration other
than those in helix 3. Arg43 and His44, in the middle of the
long loop proceeding helix 2, were strongly affected. They
are highly conserved basic residues among IRF family of
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Figure 6
Molecular surface of IRF-2(113). The molecular surface is colored
according to electrostatic potential: blue corresponds to positive
potential and red to negative potential. It is viewed from the same
angle as in Figure 1. Helix 3 (residues 74–85) runs horizontally across
the center. The positive potential is localized on one side of the
molecule and distributed around helix 3. The potential surface was
calculated and displayed using GRASP [31].
proteins (Figure 4), and the presence of the long loop is
unique to IRF-2. When helix 3 lies in the major groove of
the B-form DNA and Arg82 is at the center of the recogni-
tion sequence, this loop could be located close to the minor
groove and may interact with DNA bases from the side of
the minor groove (Figure 7). The N-terminal portion of
helix 1 was also affected strongly. Figure 7 shows that this
region is located to a position where its residues can interact
with the minor groove or phosphate backbone. This region
also contains totally conserved basic residues. The fact that
the recognition sequences of the IRF family are very similar
to each other suggests that there should be a consensus
recognition rule among this family of proteins.
Assessment of the model of the DNA–protein complex
Can our DNA–IRF-2(113) complex model really explain
the experimental results obtained so far? As judged from
the results of binding-site selection experiments, the
sequence (GAAAG/CT/C)2 was proposed to be the con-
sensus sequence for IRF binding with one IRF molecule
binding to this tandem two-repeat 12 bp sequence [4].
Nevertheless, the recognition of all of the bases in the
consensus sequence is cannot be explained by the complex
model. Since the 12-base consensus sequence is longer
than one turn of the B-form DNA, one IRF-2 molecule
cannot cover the full sequence. It is also difficult to
explain the marked decrease in IRF binding affinity by a
substitution of three continuous adenine residues [4]. The
following explanation is thus conceivable. On complex
formation, the structure of DNA might be changed drasti-
cally from the B-form, and this kind of conformational
change of DNA would allow the three successive adenine
residues to be recognized. This idea is not acceptable,
because the gel permutation assay and CD measurement
of the DNA–IRF complex did not reveal any drastic con-
formational change of DNA, such as bending or unwind-
ing (data not shown). Another explanation is therefore
necessary. IRFs show cooperativity in their DNA-binding,
and only the DNA-binding domain of IRF is sufficient for
this cooperative binding [7]. The tandem repeats of the
consensus sequence are required for the second IRF mol-
ecule to bind next to the first molecule, thereby one IRF
molecule binds to one repeat of the hexamer DNA
sequence and the second molecule cooperatively binds to
the tandem repeat. A protein–protein interaction between
the two molecules may facilitate the cooperative binding.
Biological implications
Interferon regulatory factor-2 (IRF-2) is a transcription
factor that modulates expression of interferon-b (IFN-b ).
IRFs bind to a hexamer repeat sequence in the regula-
tory region of IFN genes; their DNA-binding domain
has been identified but has no sequence homology with
other known DNA-binding motifs.
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Figure 7
Residues affected in the 15N-HSQC spectrum of IRF-2(113) upon
titration of DNA with the consensus sequence (GAAAGT)2 are
indicated in red in the ribbon model. The two views of IRF-2(113) are
perpendicular to each other. The color intensity represents the degree
of change of the spectrum. B-form DNA is also shown in the left-hand
figure. When helix 3 is placed in the major groove of B-form DNA, the
strongly affected residues in helix 1 and the loop proceeding helix 2
are located close to the minor groove of the DNA.
The structure of the IRF-2 DNA-binding domain,
determined by NMR spectroscopy, shows that this
domain is composed of a three a helix bundle sitting on
a four-strand b sheet, forming a compact globular
domain. The topology of secondary structure elements
and the overall fold of the IRF-2 DNA-binding domain
are very similar to those of the winged helix–turn–helix
proteins. This indicates that the IRFs are members of
the wHTH family, even though they have no apparent
sequence homology with the proteins in this family.
Quantitative three-dimensional structure comparison
of IRF-2 with other proteins of the wHTH family
shows that IRF-2 has a different structure from typical
wHTH proteins; it is therefore better to categorize
IRFs into a subfamily of wHTH proteins. It also
means that the evolutional pathway of the IRF family
is distinct from that of the other wHTH proteins, in
other words, the immune system diverged from an evo-
lutional stem at an early stage.
The tertiary structure of the IRF-2 DNA-binding domain
enables us to propose a model of binding to the hexamer
repeat DNA sequence. It is helix 3 that most probably
participates in DNA recognition, by directly interacting
with bases in the major groove. The long loop between
strand 2 and helix 2 could be located in the neighborhood
of the minor groove, where it may also interact with
DNA bases. We suggest a model of cooperativity in
which one IRF molecule binds to one hexamer unit, and
the tandem repeat of the hexamer triggers cooperative
binding of a second IRF molecule to the target sequences
in the IFN genes.
The transcriptional regulation of the IFN-b gene is,
however, achieved through the protein–protein inter-
actions among many protein factors, such as IRFs,
HMG-I(Y) and NF-k B. The activation domain of IRF-
1 induces the formation of the enhancement complex,
named the enhanceosome, and the repression domain of
IRF-2 prevents it. The results of mutational analyses
suggested that these domains of IRFs are structurally
independent from their DNA-binding domains. To
obtain a further understanding of the mechanism of
transcriptional regulation, information about the struc-
tures and the mode of protein–protein interactions of the
activation or repression domains of IRFs is needed.
Materials and methods
Sample preparation
Uniformly 15N/13C-labelled mouse recombinant IRF-2(113) was
expressed in BL21(DE3) cells in M9 minimal medium with [15N]ammo-
nium chloride (0.5 g/l) and [13C6]D-glucose (1.0 g/l) as the sole nitrogen
and carbon sources, respectively. Selectively aromatic-ring-deuterated
proteins were prepared from M9 medium containing 100 mg/l of
[d 1,2,e 1,2,z -2H5]L-phenylalanine or [d 1,e 3,z 2,3,h 2-2H5]L-tryptophan. Frac-
tionally 13C-labelled IRF-2(113) was expressed in M9 medium containing
10% [13C6]D-glucose and 90% unenriched D-glucose. The purification
procedure was described in a previous paper [7]. All samples for NMR
measurements comprised 1–3 mM protein in 10% or 99% D2O, 10 mM
phosphate buffer (pH 5.7), 50 mM potassium chloride and 1 mM dithio-
threitol. The gene of IRF-2(145) was amplified by PCR and ligated into
the same vector. The expression and the purification procedure of the
protein was almost same as for IRF-2(113). 
NMR experiments
NMR spectra were recorded at 25°C and pH 5.7, using Bruker
DMX/AMX-500 and JEOL alpha 600 spectrometers equipped with
pulse-field gradient units and triple-resonance probes. NMR data were
processed using NMRpipe/PIPP software [22,23]. The experiments for
the mainchain assignments were described previously [11]. The
aliphatic sidechain resonances were assigned by means of HCCH–
TOCSY [24] and HCCH–COSY [25] spectra of the uniformly 15N/13C-
labeled protein. The methyl groups of leucine and valine residues were
assigned stereospecifically from the 1H–13C constant time HSQC
spectrum of the fractionally 13C-labeled protein [26]. Aromatic ring
proton resonances were assigned using 2D TOCSY (70 ms mixing
time) and NOESY (100 ms mixing time) spectra of selectively aromatic-
ring-deuterated proteins. The connectivities of tryptophan residues
were confirmed by the (H b )Cb (C g Cd )Hd spectrum [27]. NOE distance
constraints were obtained through 3D 15N-NOESY–HSQC [28] and
3D 13C-NOESY–HSQC [29] experiments (100 ms mixing period). A
HMQC-J experiment [16] was performed to determine the three bond
HN –H a coupling constants. These coupling constants were translated
into dihedral angle constraints, as mentioned below. 15N-HSQC spec-
trum of uniformly 15N-labeled IRF-2(145) was also measured in the
same conditions.
Structure calculations
The structure calculations were performed with X-PLOR version 3.1
[30]. In total, 415 intraresidue, 381 sequential (|i–j| = 1), 242 medium
range (1 < |i–j| < 5) and 363 long range (|i–j| ‡ 5) distance restraints of
NOEs, 52 hydrogen bonds (26 hydrogen bonds pairs) and 42 f angle
restraints were used in the structure calculations. NOEs were classi-
fied into three distance ranges, 1.8–2.8 Å, 1.8–3.5 Å and 1.8–5.0 Å,
corresponding to strong, medium, and weak NOEs, respectively.
Methyl, methylene and aromatic ring protons that were not stere-
ospecifically assigned were treated as a pseudo atom located at the
midpoint. In the H–D exchange experiment, the amide protons for
which resonances remained 30 minutes after dissolvation in D2O were
considered to form a hydrogen bonds. The distance restraints of hydro-
gen bonds were added when the amide protons were slowly
exchanged and the acceptors of hydrogen bonds were confirmed in
regular secondary structures. Backbone f angles were derived from
3JHNHa coupling constants. 3JHNHa values of less than 5Hz, more than
8Hz and above 10Hz were converted to dihedral angle restraints of
–90° £ f £ –30°, –160° £ f £ 80° and –140° £ f £ 100°, respectively.
The solution structures of IRF-2(113) were calculated with the simu-
lated annealing protocol starting from an extended polypeptide confor-
mation. After 100 structure calculations, 20 structures that had no
distance violations of greater than 0.5 Å, no dihedral angle violations of
greater than 5°, and a low target energy were obtained. An average
structure was calculated using the standard X-PLOR protocol.
Accession numbers
The coordinates for the family of solution structures and the energy
minimized average structure have been deposited in the Brookhaven
Protein Data Bank, with accession codes 1IRG and 1IRF, respectively.
Note added in proof 
After submission of this manuscript, the crystal structure of the complex
between the DNA-binding domain of IRF-1 and a 13-mer DNA was pub-
lished (Escalante, C.R.J., Yie, J.,Thanos, D. & Aggarwal, A.K. (1998). Struc-
ture of IRF-1 with bound DNA reveals determinants of interferon regulation.
Nature 391, 103–106.). The structure and the mode of interaction with
DNA are similar to those of IRF-2 shown in this paper.
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